We have investigated whether the increases in ceramide levels that occur during apoptosis in SKW 6.4 cells induced by anti-Fas antibody depend on the activation of caspases. Using cells prelabelled to equilibrium with ["%C]acetate, it was shown that the amount of ceramide approximately doubled after 24 h incubation with anti-Fas, but the time course of ceramide changes was slower than that of anti-Fas-induced cell death. Complete inhibition of the effects of anti-Fas on cell death and on ceramide production was observed when the caspase inhibitor N-benzyloxycarbonyl-Val-Ala-Asp-(O-methyl)fluoromethane (zVAD.fmk) was added together with anti-Fas, but N-
INTRODUCTION
Programmed cell death or apoptosis, where cells activate an intrinsic death programme, has recently been recognized as a widespread and physiologically important phenomenon. One of the primary mediators of apoptosis in mammals is Fas, a receptor on the cell surface whose trimerization by Fas ligand [1] activates a series of aspartate-directed proteases (caspases) with similarity to the interleukin-1β-converting enzyme (ICE) family which seem to play an integral part in the signalling processes leading to apoptosis [2] . Fas trimerization also activates a plasma-membrane or lysosomal sphingomyelinase, causing the generation of ceramide which may also be involved in control of the apoptotic process [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . This interpretation has been supported by the observation that exogenous sphingomyelinase or short-chain ceramides promote apoptosis in various cell types, although this finding does not by itself confirm an essential role for ceramide in apoptosis. One thing which has been unclear is the temporal relationship between activation of caspases and activation of sphingomyelinase ; certainly it is important to know which event comes first and how they are connected with the other changes which occur, such as membrane blebbing, rises in cytosolic Ca# + levels, externalization of phosphatidylserine and nuclear degradation [21, 22] . In the present work we sought to characterize Fasmediated and Ca# + -mediated ceramide changes in the absence or presence of the caspase inhibitor N-benzyloxycarbonyl-Val-AlaAsp-(O-methyl)fluoromethane (zVAD.fmk), which is able to block apoptosis in SKW 6.4 and U937 cells [23] . The results suggest that ceramide production occurs as a downstream consequence of either activation of caspases after exposure to Fas-ligand or increases in cytosolic Ca# + .
MATERIALS AND METHODS

Materials
Sodium [2-"%C]acetate was from Amersham International
Abbreviations used : zVAD.fmk, N-benzyloxycarbonyl-Val-Ala-Asp-(O-methyl)fluoromethane ; zFA-fmk, N-benzyloxycarbonyl-Phe-Ala-fluoromethane ; ICE, interleukin-1β-converting enzyme ; MAP kinase, mitogen-activated protein kinase.
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benzyloxycarbonyl-Phe-Ala-fluoromethane (a structurally similar cathepsin B inhibitor) had no effect. Treatment of cells with the Ca# + -ionophore A23187 also doubled ceramide levels, but in this case the effect was complete within 2 h, was not blocked by zVAD.fmk and was not associated with increases in nuclear fragmentation. These results suggest that ceramide is not an upstream messenger in Fas-mediated apoptosis and may instead be produced as a consequence of processes downstream of the activation of caspases and increases in cytosolic calcium concentration.
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Lipid analysis
After removal of 100 µl of the cell suspension for the assay of apoptosis, incubations were terminated by the addition of 1.9 ml of chloroform\methanol (1 : 2, v\v) to the remaining cells. Aqueous and organic phases were then split according to the procedure of Bligh and Dyer [24] . The chloroform phase was dried using a water pump, and neutral lipids were separated by TLC in the solvent system benzene\diethyl ether\ethanol\acetic acid (500 : 400 : 20 : 1, by vol.). Spots were imaged overnight on "%C phosphorimager screens and quantified on a Fuji phosphorimage analyser. After this analysis of the neutral lipids the phospholipids were then separated by running the same plate in chloroform\methanol\acetic acid\water (75 : 45 : 12 : 2, by vol.) and repeating the phosphorimage analysis for the phospholipid spots. In some cases, lipid spots on TLC plates were located by reference to the phosphorimage and scraped into vials. After addition of 250 µl of chloroform\methanol\water (5 : 11 : 5, by vol.) and 5 ml of Hi-safe 3 scintillant (Pharmacia) the samples were counted for radioactivity in a Canberra Packard liquidscintillation counter.
Apoptosis assay
Apoptosis in fixed cultured cells was assessed by measuring the proportion of cells possessing fragmented nuclei after staining with bisbenzimide (HOECHST 33258) as described previously [22] . A 100 µl portion of suspended cells was transferred to a Falcon 96-well plate. After centrifugation (700 g for 5 min) the cells were fixed in 50 % acetic acid\methanol (1 : 3, v\v) in PBS, followed by 100 % acetic acid\methanol (1 : 3, v\v) (with centrifugation at each step). The fixative was removed and the plates allowed to dry. Dried plates were stored at room temperature until they were stained by adding 100 µl of PBS containing 0.1 µg\ml HOECHST 33258. Nuclei were assessed in an Olympus OMT2 inverted fluorescence microscope, using a long-workingdistance objective at a final magnification of 400i.
RESULTS
Time course for ceramide changes during Fas-mediated apoptosis
The basal level of ceramide in SKW cells was 1.5p0.1 % of total cholesterol levels, or 0.4 % of total phospholipid, which was about half of that reported previously in this cell type using the diacylglycerol kinase mass assay [3] . This value rose by 50 % after 8 h and by 100 % after 24 h following the addition of antiFas, whereas, in the absence of anti-Fas, ceramide rose by only 20 % in 24 h (Figure 1 ). The kinetics of ceramide production seemed to be slightly slower than those of cell death, which increased to 50 % at 4 h and close to 100 % at 24 h, and contrasted sharply with the rapidity of ceramide formation relative to cell death reported by other investigators [4, 9, 12, 25] . We repeated this experiment with U937 cells, which have previously been reported to respond rapidly to anti-Fas with a large increase in the mass of ceramide measured with Escherichia coli diacylglycerol kinase [4] . However, like the authors of [26] , we were unable to see any fast changes in ceramide ( Figure 1 ) and saw rises in ceramide only at later times when cell death had increased markedly.
Time course for ceramide changes during treatment of SKW cells with Ca 2 + /A23187
The above observation that the kinetics of the ceramide response to anti-FAS were slower than those of the induction of cell death suggested that such increases were due to an event downstream of the initial signalling and perhaps even a consequence of cell death itself. One downstream event following challenge of lymphocytes with anti-Fas is a sustained increase in cytosolic calcium [27, 28] and, since it has previously been shown that sustained increases in cytosolic calcium using Ca# + \A23187 lead 
Figure 1 Ceramide increases and cell death as a consequence of treating SKW 6.4 cells with anti-Fas
SKW cells labelled with [
14 C]acetate for 48 h were incubated with or without the addition of 50 ng/ml anti-Fas. At the indicated times, cell death and ceramide levels were determined as described in the Materials and methods section. The insert shows ceramide changes in SKW cells at shorter times. Ceramide data are expressed as a percentage of cholesterol radioactivity and are the means for four separate experiments. #, Ceramide (control) ; $, ceramide (janti-Fas) ;
, percentage nuclear fragmentation (control) ; , nuclear fragmentation (janti-Fas). to activation of a sphingomyelinase in chicken erythrocytes [29, 30] , we wondered whether a similar effect would be observed in SKW cells. Figure 2 shows that treatment of SKW cells with calcium\A23187 over a 4 h period induced an increase in ceramide which was linear up to 2 h and reached a maximum similar to that seen during Fas-mediated apoptosis (about 100 % Role of ceramide in apoptosis increase). However, in contrast with anti-Fas treatment, no increase in nuclear fragmentation was found to accompany the rise in ceramide (Figure 2) .
Sensitivity of the Fas-and Ca 2 + /A23187-mediated increases in ceramide to blockade by the caspase inhibitor zVAD.fmk
Experiments were carried out to determine whether the increases in ceramide that occur during Fas-mediated apoptosis depended on the activation of caspases. It was reasoned that a downstream ceramide response would be blocked by the caspase inhibitor zVAD.fmk, whereas one that occurred independently from caspase activation would be insensitive to this inhibitor. Figure  3 shows that inhibition of apoptosis by the addition of zVAD.fmk also blocked Fas-induced increases in ceramide, whereas the structurally related peptide zFA.fmk had no effect on either apoptosis, caspases or ceramide levels ( Figure 3) . In contrast, ceramide increases induced by treatment of cells with Ca# + \A23187 were completely insensitive to blockade with the caspase inhibitor zVAD.fmk (Figure 3) .
DISCUSSION
The results of this work show that ceramide levels double during Fas-mediated apoptosis and (more rapidly) during elevation of intracellular Ca# + by A23187 treatment. Ceramide increases of a similar magnitude have been seen previously in cells undergoing apoptosis [3, 12, 26, 33] . Considering that the resting level of ceramide is only about 0.4 % of the total lipid, the rise is still only small, and if the extra ceramide is derived from sphingomyelin, then its production would require the breakdown of only about 10 % of total cellular sphingomyelin. With anti-Fas or A23187, this appeared to be the maximum value, suggesting that, in both cases, only a small proportion of the total sphingomyelin was susceptible to breakdown. 
Scheme 1 Possible sequence of events leading to ceramide generation during Fas-mediated apoptosis
In none of these experiments with anti-Fas was a measurable increase in ceramide seen at early times (2-20 min), so that ceramide production was unlikely to be closely linked to receptor activation in this case, in contrast with many other instances reported in the literature [4, 9, 12, 25, 31] . Indeed, ceramide increased with kinetics slower than the increases in nuclear fragmentation (Figure 1) .
The observation that Fas-mediated increases in ceramide were blocked by the caspase inhibitor zVAD.fmk complements the work of Garmen et al. [26] , who showed that the ceramide response to anti-Fas was blocked by a tetrapeptide inhibitor of CPP32-like protease (caspase-3) [35] . These data, together with ours, therefore place the generation of ceramide downstream of the activation of two types of signalling protease. Although calcium influx stimulated ceramide accumulation to a similar extent to anti-Fas, the effect was much more rapid (2 h compared with 24 h) and was not inhibited by zVAD.fmk. This result suggests that Ca# + -induced increases in ceramide levels were not dependent on the activation of caspases. Since nuclear fragmentation was not increased by A23187 treatment (Figure 2 ), it appears unlikely that ceramide accumulation necessarily induces the onset of apoptosis in all cell types, as has been suggested previously [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] 30, 32] . Indeed we have found that baby hamster kidney cells are able to grow even in the presence of sphingomyelinase, a treatment which induces large sustained increases in plasma-membrane ceramide (D. J. Sillence and D. Allan, unpublished work). Increases in cytoplasmic Ca# + do occur during Fas-mediated apoptosis [21, 27, 28, 33] and the Ca# + ionophore A23187 can induce nuclear fragmentation in some cell types [21, 34] , but a 4 h treatment with A23187 does not induce nuclear fragmentation in SKW cells, even when the ceramide increase is maximal (Figure 2 ). Hence our observations suggest that increases in Ca# + and ceramide are downstream events in apoptosis and that, probably, production of ceramide depends on the increase in Ca# + . Overall, the results are consistent with a model (Scheme 1) whereby the activation of caspases stimulates a rise in intracellular Ca# + which then leads to the activation of a sphingomyelinase perhaps similar to that in chicken erythrocytes [29, 30] .
Whether the ceramide produced during apoptosis has subsequent signalling functions that complement the activation of caspases and the rise in Ca# + levels has not been addressed in the present study. Many possible targets for ceramide signalling have been found, such as the activation of NF-κB [31] and the activation of the mitogen-activated protein (MAP) kinase cascade via a ceramide-activated protein kinase (' CAPK ') or phosphatase (' CAPP ') [32, 33] . It should be mentioned, however, that alternative pathways for the activation of MAP kinase and NF-κB by both tumour-necrosis factor and Fas have also been proposed via ' death ' adaptor molecules and NF-κB-inducing kinase (' NIK ') [36] . In any case, the slow (and probably Ca# + -dependent) increases in ceramide reported here during anti-Fas treatment of SKW cells seem less likely to have a role in the early events of apoptosis.
